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A b s t r a c t  
Dust e x p l o s i o n s  pose a s e r i o u s  hazard  i n  many i n -  
d u s t r i e s .  The d e t o n a b i l i t y  and f l a l n m a b i l i t y  of d u s t /  
o x i d i z e r  m i x t u r e s  depends on t h e  i g n i t i o n  de lay  o f  
t h e  d u s t  p a r t i c l e s  when suddenly  exposed t o  a h i g h  
tempera ture  env i ronment .  Consequent ly ,  t h e  i g n i t i o n  
de lay  t i m e  o f  d u s t  p a r t i c l e s  beh ind  a shock wave i n  
t h e  Mach number range o f  4.0 t o  5.0 has been meas- 
u r e d  u s i n g  a p h o t o - m u l t i p l i e r  tube t o  determine t h e  
onset  o f  i g n i t i o n .  The dus ts  i n v e s t i g a t e d  i n c l u d e d  
P i t t s b u r g h  Seam Coal, g r a p h i t e ,  diamond, oa ts ,  and 
ROX. The exper imenta l  arrangement c o n s i s t i n g  o f  a 
shock t u b e  and two d i f f e r e n t  d u s t  i n j e c t i o n  dev ices  
i s  d e s c r i b e d  i n  d e t a i l ,  and exper imenta l  r e s u l t s  f o r  
dus ts  r a n g i n g  i n  p a r t i c l e  s i z e  from 2 )im t o  74 :.im 
a r e  presented.  I n  t h e  Mach number range considered,  
i g n i t i o n  d e l a y  t i m e s  v a r i e d  f rom 2 1,s t o  100 1,s. 
A d e t a i l e d  a n a l y t i c a l  model based on a s o l u t i o n  
of t h e  heat  c o n d u c t i o n  equat ions  f o r  t h e  p a r t i c l e  
i n t e r i o r  coup led  w i t h  a s o l u t i o n  o f  t h e  p a r t i c l e  e- 
q u a t i o n  o f  m t i o n  has been developed. Heterogene- 
ous r e a c t i o n s  which o c c u r  on t h e  p a r t i c l e  s u r f a c e  
and i n  t h e  pores  w i t h i n  t h e  p a r t i c l e  a r e  used t o  
model t h e  chemis t ry .  The r e s u l t s  were i n  reasonable 
agreement w i t h  most of t h e  d a t a .  Approx imate a n a l y -  
ses based on a comparison o f  c h a r a c t e r i s t i c  thermal  
nnd chemical t imes were a l s o  developed. A key con- 
c l u s i o n i s  t h a t  t h e  i g n i t i o n  de lay  i s  m a i n l y  d e t e r -  
a i n e d b y  t h e  h e a t  up t i m e  o f  t h e  p a r t i c l e  sur face .  
I n t r o d u c t i o n  
a r d  f o r  g r a i n  e l e v a t o r s ,  and c o a l  d u s t  e x p l o s i o n s  
can be an i m p o r t a n t  f a c t o r  i n  mine a c c i d e n t s .  
e x p l o s i o n s  may i n v o l v e  a c c e l e r a t i n g  flames o r ,  i n  
some cases, d e t o n a t i o n s .  From a s a f e t y  p o i n t  o f  
view, i t  i s  i m p o r t a n t  t o  know t h e  d e t o n a b i l i t y  and 
t h e  d e t o n a t i o n  and f l a m m a b i l i t y  l i m i t s  o f  d u s t  
c louds  and these parameters depend on t h e  d e t a i l e d  
s t r u c t u r e  o f  t h e  flame o r  d e t o n a t i o n  f r o n t .  The 
i g n i t i o n  of t h e  d u s t  p a r t i c l e s  i s  t h e  f i r s t  s tep  i n  
d u s t  exp los ions ,  and t h e  t i m e  r e q u i r e d  f o r  i g n i t i o n  
o r  t h e  i g n i t i o n  de lay  has a m a j o r  i n f l u e n c e  on f lan i -  
m a b i l i t y  and d e t o n a b i l i t y .  
t h e  case o f  d u s t  e x p l o s i o n s ,  such as t h e  s u r p r i s i n g  
r e s u l t  t h a t  RDX c l o u d s  o f  v e r y  s m a l l  p a r t i c l e s  a r e  
more d i f f i  u l t  t o  de tonate  than c louds  w i t h  l a r g e r  
P a r t i c l e s , ?  may be r e l a t e d  t o  t h e  d e t a i l s  o f  t h &  
processes which l e a d  t o  p a r t i c l e  i g n i t i o n .  
The p r e s e n t  paper  r e p o r t s  on a conibined e x p e r i -  
menta l  and a n a l y t i c a l  s t u d y  of t h e  shock i g n i t i o n  
o f  c o a l ,  g r a p h i t e ,  diamond, RDX and o a t s  d u s t s  and 
i s  an e x t e n s i o n  of t h e  e a r l i e r  work of U r a l ,  e t  a l ?  
A d e s c r i p t i o n  o f  t h e  exper imenta l  arrangement and 
t h e  d i f f i c u l t i e s  i n v o l v e d  i n  o b t a i n i n g  r e l i a b l e  da ta  
i s  f o l l o w e d  by t h e  p r e s e n t a t i o n  o f  exper imenta l  r e -  
s u l t s  and a t h e o r e t i c a l  a n a l y s i s  of t h e  p a r t i c l e  
i g n i t i o n  process.  
v 
G r a i n  d u s t  e x p l o s i o n s  pose a s e r i o u s  s a f e t y  haz- 
Such 
Anomalies observed i n  
Exper imenta l  Arrangement 
Exper iments were conducted i n  a h o r i z o n t a l  shock 
tube w i t h  a 7.3 cm d iameter  d r i v e r  s e c t i o n  3 In l o n g  
and a 3.8 cni x 6 .4  cm r e c t a n g u l a r  d r i v e n  s e c t i o n  3 . 6  
m l o n g  d i s c h a r g i n g  i n t o  a dump tank .  The shock t u b e  
can produce Mach numbers r a n g i n g  from 4.0 t o  5.0 
" 
/ 
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which i s  o f  t h e  same o r d e r  as t h e  Mach numbers en 
countered  i n  d e t o n a t i o n s .  
t h e  t e s t  s e c t i o n  j u s t  be fore  t h e  a r r i v a l  o f  t h e  
shock wave wh ich  i s  inon i to red  t h r o u g h  p r e s s u r e  
t ransducers .  L i g h t  emiss ion  from t h e  t e s t  s e c t i o n  
i s  mon i to red  by a p h o t o m u l t i p l i e r  tube and a neu- 
t r a l  d e n s i t y  f i l t e r  i s  used f o r  decreas ing  t h e  
o v e r a l l  s e n s i t i v i t y .  Two pressure  swi tches  w i t h  a 
t i m e r  a r e  used t o  measure t h e  shock speed and t o  
t r i g g e r  an o s c i l l o s c o p e  f o r  o u t p u t s  from t h e  p r e s -  
s u r e  t r a n s d u c e r  and t h e  p h o t o m u l t i p l i e r  t u b e .  
I n j e c t i o n  o f  t h e  d u s t  p a r t i c l e s  i n  t h e  shock 
tube i s  a ma jor  source of d i f f i c u l t y .  
e n t  types  o f  i n j e c t o r s  were used. I n  t h  f i r s t ,  
which i s  i d e n t i c a l  t o  t h a t  used by Ura l ,$  d u s t  i s  
l o o s e l y  packed i n t o  groves o f  t h e  end o f  a 6.35 min 
d iameter  s p r i n g  d r i v e n  p l u n g e r  which i s  s topped sud- 
den ly  a t  t h e  shock tube sur face  so t h a t  t h e  d u s t  i s  
i n j e c t e d  i n e r t i a l l y .  I n  t h e  second i n j e c t o r  t h e  
d u s t  i s  blown i n t o  t h e  t e s t  s e c t i o n  when a p i s t o n  
i s  r e l e a s e d  and expels  a i r  from a 25 mm d ia i i ie te r  
c y l i n d e r  as shown i n  F ig .  l ( a ) .  P r e c i s e  t i m i n g  i s  
r e q u i r e d ,  t o  i n s u r e  t h a t  t h e  shock wave s t r i k e s  t h e  
d u s t  j u s t  when t h e  i n j e c t e d  c l o u d  reaches t h e  cen- 
t e r  o f  t h e  t e s t  s e c t i o n ,  and i s  p r o v i d e d  by t h e  i n -  
j e c t o r  t i m e  de lay  genera tor  which c o n s i s t s  o f  a 
power supp ly ,  waveform genera tor ,  p u l s e  genera tor  
and o s c i l l o s c o p e .  
c l o u d  i s  o b t a i n e d  d u r i n g  each t e s t ,  t o  m o n i t o r  whe- 
t h e r  p roper  d i s p e r s i o n  occur red .  
!J g r a p h i t e  d u s t  i s  shown i n  F i g .  l ( c )  a f t e r  t h e  pas- 
sage o f  a shock w i t h  a Mach number o f  4 .4 ,  and d i f -  
f e r e n t i a l  s e p a r a t i o n  of l a r g e r  and s m a l l e r  p a r t i c l e s  
i s  e v i d e n t .  
Ey~traneous r a d i a t i o n  f r o m  d i r t  i n s i d e  t h e  shock 
tube was a m a j o r  problem i n  i n i t i a l  t e s t s ,  h u t  was 
s u c c e s s f u l l y  e l i m i n a t e d  by pass ing  a s t r o n g  shock 
th rough t h e  tube p r i o r  t o  each t e s t .  
A smal l  c l o u d  o f  d u s t  p a r t i c l e s  i s  i n j e c t e d  i n t o  
Two d i f f e r -  
A shadow photograph o f  t h e  d u s t  
A c l o u d  o f  53-74 
The i g n i t i o n  o f  d u s t  p a r t i c l e s  i n  t h e  shock tube 
was i d e n t i f i e d  by l i g h t  emiss ion ,  and t h e  i g n i t i o n  
d e l a y  t i m e  was t h e r e f o r e  d e f i n e d  as t h e  t i m e  i n t e r -  
v a l  between shock-dust  c o n t a c t  and t h e  onset  o f  
l i g h t  emiss ion .  
o f  t h e  i g n i t i o n  d e l a y  i s  d i f f i c u l t  i n  t h e  experimen- 
t a l  arrangement used here .  However, i t  was conc lu -  
ded t h a t  c o n s i s t e n t  use of t h e  same c r i t e r i o n  f o r  
a l l  exper iments  w i l l  p r o v i d e  good compara t ive  d a t a  
f o r  d i f f e r e n t  dus ts .  I n  the p r e s e n t  case t h e  t i m e  
a t  which t h e  d e f l e c t i o n  o f  t h e  D h o t o m u l t i o l i e r  nut-  
A p r e c i s e  a b s o l u t e  d e t e r m i n a t i o n  
p u t  t r a c e  exceeded t h e  a c t u a l  &ace w id th 'was  t a k e n  
as t h e  onset  o f  i g n i t i o n .  
Tab le  1 .  Dust I n v e s t i g a t e d  
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2 (mean d iameter )  
2 (mean d iameter )  
2 (mean d iameter )  
f .  
i m p l i e s  a d d i t i o n  o f  10% c a b o s i l  by w e i g h t  
1 
Exper i i i ienta l  R e s u l t s  
I g n i t i o n  de lays  i n  pure  oxygen have been meas- 
u r e d  f o r  t h e  i i i a t e r i a l s  l i s t e d  i n  Table I f o r  va lues 
o f  t h e  p o s t  shock s t a t i c  temp. r a n g i n g  ?roil1 1160 5 
t o  1600 K .  A suiiiinary o f  t h e  r e s u l t s  1 s  r l resented i n  
F i g .  2 which shows t h e  v a r i a t i o n  O t  t h e  i y n i t i o n  
d e l a y  t i m e  on a l o g a r i t h m i c  s c a l e  w i t h  t h e  i n v e r s e  
temperature.  T h i s  fornr o f  r e p r e s e n t a t i o n  i s  t y p i -  
c a l l y  used f o r  systems governed by an Ar rhen ius  
r a t e  law, and t h e n  t h e  s l o p e  o f  t h e  d e l a y  curve  i s  
p r o p o r t i o n a l  t o  t h e  a c t i v a t i o n  temperature.  I n  t h e  
present  case t h e  i g n i t i o n  d e l a y  depends on b o t h  t h e  
chemis t ry  o f  i g n i t i o n  and on t h e  p h y s i c a l  process 
o f  p a r t i c l e  h e a t i n g .  Never the less ,  t h e  da ta  s t i l l  
appears t o  l i e  on  a s t r a i g h t  l i n e  f o r  t h e  range o f  
exper iments.  The tempera ture  range above c o r r e -  
sponds t o  Mach numbers rang ing  from 4-5 as i n d i c a -  
t e d  on t h e  Mach number s c a l e  above t h e  i n v e r s e  tem- 
p e r a t u r e  s c a l e .  
Data u s i n g  b o t h  t h e  i n e r t i a l  and t h e  a i r  i n j e c -  
t o r  i s  p resented  i n  F i g .  2 ( a ) .  The i n e r t i a l  i n j e c -  
t o r  produces c louds  w i t h  c o n s i d e r a b l e  p a r t i c l e  ag- 
g lomera t ion ;  consequent ly ,  t h e  observed i g n i t i o n  
de lays  a r e  somewhat l o n g e r  than w i t h  t h e  a i r  i n j e c -  
t o r .  S t r a i g h t  l i n e s  o b t a i n e d  f rom t h e  da ta  u s i n g  a 
niean square fit a r e  shown i n  F i g .  3. E q u i v d l e n t  
a c t i v a t i o n  energ ies  cor respond ing  t o  t h e  s lopes of 
t h e s e  curves a r e  a l s o  i n d i c a t e d .  
A l though a l l  t h e  d e l a y  t i m e s  are  below 100 11s 
t h e r e  i s  a w ide  d isc repancy  ainong t h e  d i r f e r e n t  
m a t e r i a l s .  Oats d u s t  has a s i a n i f i c a n t . 1 "  8hort.i.r ~, ~ ~  
d e l a y  t inre t h a n  coa l ,  suggesti;g t h a t  i t  i s  a l s o  a 
more de tonab le  m a t e r i a l .  I n t e r e s t i n g l y ,  RDX-A  
(mean d ia i i ie ter  37 11) w i t h  c a b o s i l  has s h o r t e r  d e l a y  
t h a n  RDX-E  (mean d iameter  2 v )  w i t h  c a b o s i l .  T h i s  
suppor ts  the observed s t r o n g e r  d e t o n a b i l i t y  of RDX- 
A versus RDX-E,  and may be r e l a t e d  t o  t h e  e f f e c t  o f  
t h e  p l a s t i c  c o a t i n g  on each p a r t i c l e .  Tile i g n i t i o n  
d e l a y  o f  t h e  v e r y  smal l  diamond p a r t i c l e s  i s  com- 
p a r a b l e  t o  t h a t  o f  t h e  much l a r g e r  g r a p h i t e  p a r t i -  
c l e s ,  and i s  p r o b a b l y  r e l a t e d  t o  t h e  sur face  prop-  
e r t i e s  o f  these two forlns o f  carbon.  
T h e o r e t i c a l  Ana1,ysis 
I inmediate ly  a f t e r  shock passage each d u s t  p a r t i -  
c l e  i s  i n  t h e  superson ic  f l o w  induced by t h e  shock 
wave. The r e s u l t a n t  c o n v e c t i v e  h e a t i n g  causes a 
r a p i d  i n c r e a s e  i n  t h e  p a r t i c l e  sur face te i i iperature.  
A t  t h e  same t i m e  t h e  drag f o r c e s  cause t h e  p a r t i -  
c l e s  t o  a c c e l e r a t e  w i t h  an accompanying r e d u c t i o n  
i n  t h e  r e l a t i v e  v e l o c i t y  and i n  t h e  r a t e  of convec- 
t i v e  h e a t i n g .  Wi th  i n c r e a s i n g  p a r t i c l e  te i i iperature 
t h e  r a t e  a t  which t h e  gaseous o x i d i z e r  and t h e  p a r -  
t i c l e  r e a c t  inc reases  u n t i l  t h e  r e a c t i v e  hedt  r e -  
l e a s e  r e s u l t s  i n  te inperature runaway o r  i g n i t i o n .  
The r a t e  o f  o a r t i c l e  a c c e l e r a t i o n .  which dmends on 
I~ ~ ~ ~I~ ~~ ~ ... ~ 
t h e  r a t i o  o f  d ray  f o r c e  t o  p a r t i c i e  mass w i l l  thus  
have an i m p o r t a n t  i n f l u e n c e  on t h e  i g n i t i o n  de lay .  
The t h e o r e t i c a l  model inust account  ? o r  p a r t i c l e  
a c c e l e r a t i o n ,  p a r t i c l e  h e a t i n g  and chei i i ical reac-  
t i o n  w i t h i n  t h e  p a r t i c l e .  
which f o l l o w s  t h a t  p r e s e n t e d  by U r a l ,  e t  a1.2, i t  
i s  assumed t h a t  t h e  c l o u d  i s  monodisperse w i t h  
s p h e r i c a l  p a r t i c l e s ,  and l h a t  each p a r t i c l e  i s  i n d e -  
pendent o f  t h e  o t h e r  p a r t i c l e s  i n  t h e  clo,.d. The 
a n a l y s i s  t h e n  reduces t o  t h e  c o n s i d e r a t i o n  of a s i n -  
g l e  a c c e l e r a t i n g  s p h e r i c a l  p a r t i c l e  i n  a f low which 
i s  i n i t i a l l y  superson ic  as shown i n  the sketch  be- 
low. 
I n  t h e  p r e s e n t  i i iodel, 
k 
Accelerating Particle Incident Shock 
The e q u a t i o n  o f  m o t i o n  o f  t h e  p a r t i c l e  i s  g i v e n  by 
The r e l a t i v e  v e l o c i t y  (Vz-Vp) ranges from superson- 
i c  t o  v e r y  low subson ic  va lues so  t h a t  t h e  dray  
c o e f f i c i e n t  Cg v a r i e s  w i d e l y ;  henc5, i t  was neces 
s a r y  t o  use e m p i r i c a l  c o r r e l a t i o n s  
Because o f  t h e  h i g h  c o n v e c t i v e  v e l o c i t y  around 
t h e  p a r t i c l e s  t h e  B i o t  number, B i  = (hR/kc), i s  o f  
o r d e r  u n i t y  so t h a t  t h e  tempera ture  v a r i a t i o n  w i t h -  
i n  t h e  p a r t i c l e  iniust be taken i n t o  account .  Thus 
f o r  Ms = 4.0, 1.2 B i  c 2.6 w h i l e  f o r  MS = 4 .8 ,  
2.2 < B i  < 3.8 f o r  s p h e r i c a l  5311 c o a l  p a r t i c l e s .  
The energy e q u a t i o n  thus  becomes t h e  h e a t  conduc- 
t i o n  e q u a t i o n  f o r  t h e  p a r t i c l e  i n t e r i o r  and i s  
f o r  CD. 
v 
where u'" i 5  a source te rm which accounts f o r  t h e  
h e a t  r e l e a s e d  by t h e  s u r f a c e  r e a c t i o n  w i t h i n  t h e  
porous p a r t i c l e ,  
s u r f a c e  i s  
The boundary c o n d i t i o n  a t  t h e  
I n  f o r n i u l a t i n a  (31.  i t  i s  assumed t h a t  t h e  f i l m  con . , ~ , .  
ductance h i s  un i fo rm o v e r  t h e  p a r t i c l e ~ s u r f a c e , ~  
even though t h i s  i s  a c t u a l l y  n o t  t h e  case, so  t h a t  
t h e  problem w i l l  remain s p h e r i c a l l y  symmetr ic .  The 
r e c o v e r y  tempera ture  Tf  and h w i l l  v a r y  as t h e  r e l -  
a t i v e  v e l o c i t v  V 9 - V "  decreases d u r i n a  o a r t i c l e  ac- 
c e l e r a t i o n  ?heLembi r i ca l  re la t ions"deve1oped by 
conductance h. T y p i c a l  va lues o f  these parameters 
l o x  e t  a l .  4 have been used t o  determine t h e  f i l m  
i n  t h e  p r e s e n t  case were: 
2 f o r  MS=4.0 ;  0 . 9  < h 5 2.1 ca l /cm sec K 
and f o r  MS = 4.8;  2.0 < h < 3.1 c a l l c m  sec K 
1900 5 Ti-5 2790 K 
1290-5 Tf  5 1640 K 2 
I t  has been assumed t h a t  t h e  i g n i t i o n  r e a c t i o n  
i s  a f i r s t  o r d e r  sur face r e a c t i o n  which,  because of 
p a r t i c l e  p o r o s i t y ,  can occur  on t h e  pores w i t h i n  
t h e  p a r t i c l e .  Hence, t h e  source te rm u " '  has been 
taken as 
1 1 " '  = 4 oc Si p A exp(-E/RT) 






mass and Q i s  t h e  combustion h e a t  r e l e a s e ,  and A 
i s  a p r e - e x p o n e n t i a l  f a c t o r .  E v a l u a t i o n  of t h i s  
source tern]  i s  a key source  o f  d i f f i c u l t y  because 
o f  a l a c k  of  adequate k i n e t i c  da ta  f o r  many dus ts  
o f  i n t e r e s t .  
Equat ions ( 1 ) - ( 4 )  have been s o l v e d  n u w r i c a l l y  
f o r  c o a l  and o a t s  dus t .  The thermal  p r o p e r t i e s ,  
p o r o s i t y  and k i n e t i c  d a t a  pr c o a l  d u s t  have been 
taken f rom B d z i o c h  e t  a l .  , Gun e t  and 
F i e l d  e t  a l . ?  The source o f  d a t a  f o r  oa ts  i s  g i v -  
en i n  Tab le  I 1  which summarizes t h e  p r o p e r t i e s  used 
i n  comput ing i g n i t i o n  d e l a y s  of coa l  and oa ts  d u s t .  
The i n t e r n a l  sur face  area and a c t i v i a t i o n  energy o f  
o a t s  d u s t  were chosen t o  p r o v i d e  t h e  b e s t  f i t  be- 
tween computed and measured i g n i t i o n  de lay  t imes.  
The s o l u t i o n s  which have been ob ta ined d i s p l a y  t h e r -  
mal runaway a f t e r  a c e r t a i n  p e r i o d  o f  t i m e  has e -  
lapsed and t h i s  t h e n  i s  t a k e n  as t h e  p o i n t  o f  i g n i -  
t i o n .  Th? r e s u l t s  o f  these c a l c u l a t i o n s  a r e  com- 
pared t o  exper imenta l  da ta  f o r  5311 c o a l  and o a t s  
p a r t i c l e s  i n  F igs .  10 and 11 and agreement was 
f o u  d t o  be u ' t e  ood 
8 s  i n d i c a 9 e a  ab%e,'because o f  a l a c k  o f  s u f f i -  
c i e n t  data,  t h e  o a t s  d u s t  r e s u l t s  a r e  based on 
va lues o f  i n t e r n a l  sur face  area  and a c t i v a t i o n  en- 
e rgy  based on t h e  b e s t  f i t  of t h e o r y  and data.  
The theory ,  however, does p r o v i d e  a s u i t a b l e  frame- 
work f o r  c u r v e  f i t t i n g  between computed and meas- 
u red  d a t a  and may a l s o  v r o v i d e  a means o f  de ter i l l i n -  
i n g  k i n e t i c  d u s t  p r o p e r t i e s  f rom i g n i t i o n  de lay  
measurements. 
C h a r a c t e r i s t i c  Times 
From t h e  d i s c u s s i o n  above i t  i s  e v i d e n t  t h a t  t h e  
i g n i t i o n  d e l a y  o f  d u s t  p a r t i c l e s  i s  governed by a t  
l e a s t  t h r e e  c h a r a c t e r i s t i c  time s c a l e s :  an a c c e l e r -  
a t i o n  t i m e  a s u r f a c e  h e a t i n g  o r  thermal  t i m e  
T~ and a cheniical t i m e  TCh: As w i l l  De i n d i c a t e d  
berow, a c a r e f u l  c o n s i d e r a t i o n  o f  these t i i t ie s c a l e s  
a l s o  leads  t o  some approx i inate methods o f  computing 
i g n i t i o n  d e l a y  t imes.  
From t h e  e q u a t i o n  o f  m o t i o n  ( 1 )  o f  t h e  p a r t i c l e  
i t  i s  r e a d i l y  shown t h a t  a c h a r a c t e r i s t i c  t i i t ie f o r  
a c c e l e r a t i o n  i s  g i v e n  by 
where i s  an average d r a g  c o e f f i c i e n t .  As i s  t o  
be expected,  t h e  a c c e l e r a t i o n  t i m e  increases  w i t h  
p a r t i c l e  r a d i u s  R and w i t h  t h e  r a t i o  (?c/(,z) of 
t h e  d e n s i t y  o f  t h e  p a r t i c l e  m a t e r i a l  t o  t h a t  o f  t h e  
ambient  gas. Thus t h e  smal l  low d e n s i t y  p a r t i c l e s  
w i l l  r a p i d l y  a c c e l e r a t e  t o  t h e  gas v e l o c i t y  V2 be- 
h i n d  t h e  shock. 
t r a t e d  i n  F i g .  4 which shows s t r e a k  S c h l i e r e n  pho- 
t o s  o f  18, 88, and 4501 aluminum o x i d e  p a r t i c l e s  
b e h i n d  Mach No. 3 .64 ,  3 .77 ,  and 3.49 shock waves. 
The 811 p a r t i c l e s  a r e  alntost  i n s t a n t l y  a c c e l e r a t e d  
t o  t h e  induced gas v e l o c i t y  beh ind  t h e  shock wave, 
w h i l e  t h e  ponderous 450:: p a r t i c l e s  a r e  very  s low t o  
a c c e l e r a t e .  Because o f  t h e  impor tance of convec- 
t i o n  t h e r e  i? s t r o n g  c o u p l i n q  between t h e  
a c c e l e r a t i o n  t i m e  T~ and t h e  r a t e  o f  p a r t i c l e  heat -  
i n g ,  and t h e  r a p i d  decrease o f  c o n v e c t i o n  f o r  smal l  
p a r t i c l e s  may account  f o r  t h e  o b s e r v a t i o n  t h a t  
c louds  o f  f i n e  p a r t i c l e s  a r e  sometimes l e s s  detona-  
b l e  t h a n  c louds  o f  l a r g e r  coarser  p a r t i c l e s .  The 
e f f e c t  o f  r a d i u s  on p a r t i c l e  a c c e l e r a t i o n  i s  a l s o  
i l l u s t r a t e d  i n  F i g .  5 which shows t h e  v a r i a t i o n  o f  
r e l a t i v e  Mach No. w i t h  t ime f o r  5311 and 7411 p a r t i -  
c l e s ,  computed u s i n g  Eq. ( 1 ) .  
Chemical r e a c t i o n s  w i l l  p l a y  an i n s i a n i f i c a n t  
r o l e  d u r i n g  t h e  i n i t i a l  s tages o f  p a r t i c l e  h e a t i n g ;  
7 a = ( R / v * ) / t ( 3 / a ) ~ D ( ~ 2 / P c ) l  (5 )  
T h i s  b e h a v i o r  i s  s t r i k i n g l y  i l l u s -  
hence, a s o l u t i o n  o f  t h e  unsteady h e a t  conduct ion  
e q u a t i o n  f o r  a sphere w i t h  a c o n v e c t i v e  boundary 
c o n d i t i o n  [Eq. ( 3 ) ]  can be used t o  deter in ine t h e  
v a r i a t i o n s  o f  s u r f a c e  tempera ture  w i t h  t ime.  S ince 
t h i s  s o l u t i o n  can be expressed i n  a n a l y t i c a l  form 
if a c o n s t a n t  average v a l u e  i s  used f o r  t h e  f i l m  
conductance h, i t  a l s o  l e a d s  t o  a s i m p l e  means o f  
comput ing a c h a r a c t e r i s t i c  thermal  t i ine 7 t h .  i . e .  
t h e  t i ine  r e q u i r e d  f o r  TS, t h e  sur face  tempera ture  
t o  reach a g i v e n  v a l u e .  
Cars law and Jaeger9 i s  
The s o l u t i o n  g i v e n  by 
where 
'n t a n  hnR = - g 
hn a r e  e igenva lues  determined froni 
L 
The c o e f f i c i e n t s  ?, a r e  g i v e n  by 
B 1 
ZhnR - s i n  2 hnR 
4 ( T i  - --\{-- - R cos (hnR) l  l t A R  ' Ansin ,R 
on = 
T i  = i n i t i a l  p a r t i c l e  tempera ture  
B = (hR/kc)Tf .  
Because of  t h e  r a p i d l y  decreas ing  e x p o n e n t i a l  te rm 
two terms o f  t h e  s e r i e s  i n  Eq. (6 )  a r e  q u i t e  su f -  
f i c i e n t  f o r  d e t e r m i n i n g  T t h .  T y p i c a l  va lues  o f  
T~~ a r e  shown f o r  5311 coa l  and o a t s  d u s t  i n  F i g s .  
6 and 7 w i t h  t h e  l o g a r i t h m  o f  7 t h  p l o t t e d  vs.  t h e  
i n v e r s e  sur face  tempera ture .  Because of t h e  d i f -  
f e r e n t  thermal  p r o p e r t i e s  o f  o a t s  and c o a l  t h e  r e -  
s u l t s  a r e  s i g n i f i c a n t l y  d i f f e r e n t .  
can be de f ined on t h e  b a s i s  of Eq .  ( 4 )  as 
7ch  
For low va lues  o f  t h e  s u r f a c e  tempera ture  T,  t h e  
chemical  t i m e  ~~b w i l l  be much l a r g e r  than t h e  
thermal  t i m e  as i s  e v i d e n t  f rom F i g s .  6 and 7 
which show t h e  v a r i a t i o n  of I n  Tch w i t h  i n v e r s e  
tempera ture .  As i s  t o  be expected,  these curves 
d i s p l a y  t h e  t y p i c a l  Ar rhen ius  b e h a v i o r .  
t i m e , i +  
p r e c i p i b o u s  decrease i n  ~~h which i s  c h a r a c t e r i s t i c  
of h i g h  a c t i v a t i o n  energy systems. T h i s  b e h a v i o r  
suggests  t h a t  i g n i t i o n  w i l l  occur  soon a f t e r  Tch 
becomes l e s s  than T t h ,  and one s i m p l i f i e d  approach 
t o  t h e  d e t e r m i n a t i o n  o f  t h e  i n i g i t i o n  de lay  t i m e  i S  
t o  choose t h e  t ime a t  t h e  p o i n t  o f  i n t e r s e c t i o n  
where ~~h = T ~ K .  The r e s u l t s  o f  t h i s  approach, 
wh ich  i s  e q u i v a l e n t  t o  t h e  i n t r o d u c t i o n  o f  an i g n i -  
t i o n  temperature,  a r e  shown i n  F i g s .  10 and 11 as 
t h e  curves  denoted by No. 3 ,  and agreement w i t h  
exper imenta l  r e s u l t s  i s  q u i t e  good. 
Another  s i m p l i f i e d  approach t o  t h e  c a l c u l a t i o n  
o f  t h e  i g n i t i o n  de lay  t ime,  which can be t e r m e d t h e  
f r a c t i o n a l  i g n i t i o n  de lay  t i m e  method, i s  ??sed on 
t h e  procedur  employed b y  Guhin and S i c h e l  and 
Oran e t  a l . 1 2  aitiong o t h e r s .  The d i f f i c u l t y  i s ,  of 
course,  t h a t  TCh i s  c o n s t a n t l y  changing as t h e  p a r -  
t i c l e  sur face  tempera ture  changes d u r i n g  a c c e l e r a -  
t i o n  and c o n v e c t i v e  h e a t i n g .  If t h e  tempera ture  
were c o n s t a n t  TCh would be of t h e  o r d e r  o f  t h e  i g -  
n i t i o n  d e l a y  t i m e  and d u r i n g  i n t e r v a l  d t ,  ( d t / r c h )  
r e p r e s e n t s  t h e  f r a c t i o n  o f  t h e  i g n i t i o n  d e l a y  t i m e  
A c h a r a c t e r i s t i c  chemical o r  r e a c t i o n  t i m e  Tch 
= exp(E/aT) /Si  p A ( 7 )  
O2 
W i t h  i n c r e a s i n g  s u r f a c e  tempera ture  t h e  thermal  
inc reases  r a t h e r  slow]y w h i l e  t h e r e  i s  a ,  
3 
which has e l a p s e d .  T h u s  
i f  T C h  = 7 i g .  This  t r i v i a l  r e s u l t  can be extended 
t o  t h e  c a s e  i n  which .r,h(T) is a f u n c t i o n  of t h e  
temperature  w i t h  T = T i t )  determined he re  by t h e  
r a t e  o f  s u r f a c e  h e a t i n g ,  
t ime i s  determined from t h e  i n t e g r a l  r e l a t i o n  
T h u s  t h e  i g n i t i o n  delay 
T = T ( t )  
( f rom Eq. ( 6 ) ) .  
The i n v e r s e  of u C h ( T )  i s  p l o t t e d  vs. t ime f o r  
coal  and o a t s  d u s t  i n  Figs.  8 and 9 ,  and because 
o f  t h e  r ap id  i n c r e a s e  of T ~ A  a f t e r  a given elapsed 
t ime ,  Eq. ( 9 )  w i l l  l ead  t u  a f a i r l y  s h a r p  d e f i n i -  
t i o n  Of ~i 
c l o s e l y  r ega ted  t o  t h e  previous c r i t e r i o n  t h a t  
T C h  = T t h  a t  i g n i t i o n ,  has no s o l i d  physical  b a s i s ,  
bu t  as  shown i n  F igs .  10 and 11 i s  a l s o  i n  reason-  
a b l e  ayreeinent with iiieasureinent. 
T h i s  h e u r i s t i c  approach,  which i s  
Discussion and Conclusions 
I g n i t i o n  de lay  measurements have been [iiade for a 
wide v a r i e t y  o f  d u s t s .  
sniall c o n t r o l l e d  q u a n t i t y  of d u s t  i n t o  the shock 
tube  prior to  shock a r r i v a l  i s  one source o f  d i f f i -  
c u l t y .  P r e c i s e  d e t e n n i n a t i o n  o f  t h e  i n s t a n t  o f  i y -  
n i t i o n  a l s o  poses  s e r i o u s  problems. 
t o m u l t i p l i e r  t ube  t o  monitor r a d i a t i o n  froili t h e  
d u s t  c loud ,  as  was done h e r e ,  does n o t  provide an 
a b s o l u t e  measurement o f  p a r t i c l e  s u r f a c e  teiiipera- 
t u r e  f o r  an unequivocal i n d i c a t i o n  o f  i g n i t i o n .  
However, i t  i s  f e l t  t h a t  t h e  t echn ique  used he re  
does provide r e l i a b l e  comparat ive measureiiients of 
t h e  i g n i t i o n  de lay  of t h e  va r ious  d i f f e r e n t  t ypes  
o f  d u s t  cons ide red  i n  t h i s  i n v e s t i g a t i o n .  
The t h e o r e t i c a l  model i s  based on t h e  s iniul tane-  
ous s o l u t i o n  o f  t h e  equa t ion  o f  motion o f  t h e  i n d i -  
vidual  p a r t i c l e s ,  and t h e  h e a t  conduct ion e q u a t i o n ,  
i nc lud ing  a r e a c t i v e  sou rce  term,  f o r  t h e  tenipera- 
t u r e  i n  t h e  i n t e r i o r  o f  t h e  p a r t i c l e .  
equa t ions  a r e  coupled by t h e  dependence of t h e  par-  
t i c l e  s u r f a c e  f i l m  conductance on t h e  v e l o c i t y  of 
t h e  p a r t i c l e  r e l a t i v e  t o  t h e  surrounding g a s .  
dus t  c loud i s  assumed t o  c o n s i s t  of mono-disperse 
s p h e r i c a l  p a r t i c l e s  which do n o t  i n t e r a c t  w i th  each 
o t h e r ,  while  photomicrographs of d u s t s  show i r r e g -  
u l a r  p a r t i c l e s  covering a cons ide rab le  s i r e  range.  
The o a t s  and coal d u s t s ,  which were t h e  two d u s t s  
f o r  which theory and experiment were conipared, had 
p a r t i c l e  diameters  ranging from 5 3 , ~  - 7 4 , ) .  
The agreement between theory and experiiiient was 
remarkably good d e s p i t e  t h e s e  niany r e s t r i c t i v e  a s -  
sumptions.  The l a c k  of k i n e t i c  d a t a  f o r  niostdusts  
waz a maior sou rce  of diff icu1t .v  i n  coiiioutino i a n i -  
Cons i s t en t  i n s e r t i o n  of a 




t i o n  d e l a y  t imes u s i n y ~ t h e  theory described abo;e. 
While cons ide rab le  da t a  i s  a v a i l a b l e  f o r  c o a l ,  
some of t h e  kev k i n e t i c  c o n s t a n t s  o f  o a t s  d u s t  were 
determined by tomparing t h e  computed and imeasured 
de lay  t imes .  
suppor t  t h e  main elements o f  t h e  inodel, ?he theo ry  
only provides  a r easonab le  framework f o r  f i t t i n g  
computed and measured r e s u l t s  by s u i t a b l e  cho ice  of 
k i n e t i c  c o n s t a n t s  i n  the case  of o a t s  d u s t .  These 
r e s u l t s  a l s o  sugges t  t h a t  c a r e f u l  i g n i t i o n  delay 
measurements may provide a inleans of e s t a b l i s h i n q  
T h u s ,  whi le  t h e  coal  d u s t  r e s u l t s  
t h e  k i n e t i c  c o n s t a n t s  o f  a wide v a r i e t y  of d u s t s .  
I t  i s  i n t e r e s t i n g  t h a t  t h e  o a t s  a c t i v a t i o n  energy 
o f  37.2 KcalJmol was very c l o s e  t o  t h e  va lue  o f  
saine o r d e r  as t h e  a c t i v a t i o n  enerqy o f  wheat d u s t  
i n  smoldering conibusti on.  
The c a l c u l a t e d  i g n i t i o n  de lays  reproduce t h e  
i n t e r e s t i n g  experimental  obse rva t ion  t h a t  the i g -  
n i t i o n  p rocess  behaves as  i f  i t  were governed by 
an Arrhenius  r e a c t i o n  w i t h  an a c t i v a t i o n  energy of 
15  t o  18 KcalJmol. Th i s  i n  s p i t e  o f  t h e  f a c t  t h a t  
t h a t  a c t i v a t i o n  e n e r g i e s  of t h e  s u r f a c e  r e a c t i o n s  
which govern i g n i t i o n  a r e  on t h e  o r d e r  Of 35 Kcall  
tiiol. T h i s  r e s u l t  sugges t s  t h a t  i g n i t i o n  i s  
governed by t h e  physical  p rocess  of p a r t i c l e  hea t -  
i n g ,  r a t h e r  than by s u r f a c e  r e a c t i o n  chemis t ry ,  a 
conc lus ion  which i s  supported by t h e  approximate 
a n a l y s i s  based on c h a r a c t e r i s t i c  t i m e s .  
Three c h a r a c t e r i s t i c  t imes have been i d e n t i f i e d :  
a n  a c c e l e r a t i o n  t i ine,  a therinal tiiiie, and a cheini- 
c a ?  t ime .  Convective h e a t i n g  i s  a key f e a t u r e  o f  
p a r t i c l e  i g n i t i o n  behind i n c i d e n t  shocks,  and i t s  
d u r a t i o n  depends on t h e  p a r t i c l e  a c c e l e r a t i o n  t ime.  
Thus, small  p a r t i c l e s  r a p i d l y  a c c e l e r a t e  t o  t h e  
l o c a l  gas v e l o c i t y ,  so t h a t  t h e  t ime a v a i l a b l e  f o r  
convec t ive  hea t ing  i s  short .  This  e f f e c t  i s ,  how- 
e v e r ,  counterbalanced by the f a c t  t h a t  t h e  f i l a  
conductance h v a r i e s  i n v e r s e l y  w i t h  t h e  p a r t i c l e  
r a d i u s .  The chemical time is o r d e r s  o f  magnitude 
g r e a t e r  t han  t h e  thermal t ime dur ing  much o f  t h e  
p a r t i c l e  heatup sugges t ing  t h a t  t h e  d u s t  i g n i t i o n ,  
a t  l e a s t  i n  t h e  cases  analyzed h e r e ,  i s  iiiainly a 
thermal phenoinenon. The approxiinate a n a l y s i s  
based on t h i s  obse rva t ion  y i e l d e d  r e s u l t s  which 
were almost  i n  e x a c t  agreement w i t h  t h e  more de- 
t a i l e d  c a l c u l a t i o n s .  
For s u f f i c i e n t l y  s h o r t  t imes t h e  s o l u t i o n  f o r  
t h e  s u r f a c e  temperature  of a sphe re  ( E q .  6 ) ,  which 
provides  t h e  b a s i s  f o r  t h e  approximate thermal 
a n a l y s i s ,  i s  i d e n t i c a l  t o  t h a t  f o r  a s e m i - i n f i n i t e  
s o l i d ,  sugges t ing  t h a t  t h e  p a r t i c l e  diameter  may 
only have a weak e f f e c t  on i g n i t i o n  d e l a y .  This  
conc lus ion  i s  suppor t ed  by F i g .  12 which shows 
i g n i t i o n  de lays  computed f o r  5 3 ~  and 7% p a r t i c l e s  
using the d e t a i l e d  theo ry .  
While both t h e  experiments  and t h e  theo ry  i n -  
volve many d i f f i c u l t i e s  and approximations t h e  r e -  
s u l t s  should l ead  t o  a b e t t e r  understanding o f  par-  
t i c l e  i g n i t i o n .  A key conclusion i s  t h a t  i n c i d e n t  
shock i g n i t i o n  o f  p a r t i c l e s  i s  mainly a thermal 
Drocess.  
37.5 Kcal/mol f o r  coal  dust, and i s  a l s o  of t h e  v 
u 
W 
Table  11. Thermal and Chelnical K i n e t i c  P r o p e r t i e s  
of Coal and Oats Dust  
Coal Oats - 
D e n s i t y  (ymicm 3 ) 1 . 2  n .  7 5 ( l  
Thermal C o n d u c t i v i t y  0,00212 0 .0007(2) 
(cal/cm.sec. 'C) 
S p e c i f i c  Heat 0 .236 0.24(2) 
(ca l /gm " C . )  
(ca l /gm)  
Heat o f  Combustion 8559 3 0 4 0 ( ~ )  
7 ( 4 )  
I n t e r n a l e s u r f a c e  4 .26  x l o 6  9 x 10 
Area (cm /gm) 
A c t i v a t i o n  Energy 
(k  cal/gm.i i iole) 35.7 
&5) P r e - e x p o n e n t i a l  Fac tor ,  A 8 .71 x 10 3.1 x 10 
(---.E -.)
2 cm .sec.atm 
( "Es t imate  based on b u l k  d e n s i t y  of oats  
(')Ref. 1 3 ,  p .  122. 
(3)Average v a l u e  taken froni  Ref. 10. 
(4)Based on b e s t  f i t  of  computed and measured i g n i -  
t i o n  de lays .  
(5)Based on smolder ing  combust ion measurements, 
Ref .  13. 
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